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METHODS AND SYSTEMS FOR DETECTING
COMPONENT WEAR

BACKGROUND

[0001] The field relates generally to detecting component
wear, and more specifically, to methods and systems for
detecting sub-surface features in a component that may
indicate a decrease in service life of the component.
[0002] Structural decline in industrial components mani-
fests itself both on the surface as well as below the surface.
Proper inspection is required to accurately identify features
indicating decline, e.g., decline resulting from corrosion and
cracking. Visual inspections can be misleading and often
provide only qualitative measures of decline by detecting
surface issues. Detecting and quantifying decline or defects
in industrial equipment can be challenging. While systems
exist to scan for subsurface defects, i.e., computer tomog-
raphy (CT) and X-rays, variations in different parts of the
same type can cause accuracy problems. In addition some
systems mischaracterize certain manmade features as cor-
rosion or defects. Accurately detecting and quantifying
decline features is critical to accurately modeling and pre-
dicting the life of industrial components.

BRIEF DESCRIPTION

[0003] Inone aspect, a monitoring system for determining
component wear is provided. The monitoring system
includes a memory device configured to store a reference
model of a component and a component wear monitoring
(“CWM”) device in communication with the memory
device. The CWM device configured to receive a component
image of a first component being inspected, detect a plurality
of manmade structural features in the received component
image, adjust the component image to mask out at least
some of the plurality of manmade structural features from
the received component image, compare the adjusted com-
ponent image with the reference model to determine one or
more potential defect areas in the first component, analyze
each of the one or more defect areas to determine a state of
the potential defect areas, and output the state of the one or
more potential defect areas to a user.

[0004] In another aspect, a component wear monitoring
(“CWM?”) device is provided. The CWM device includes a
processor and at least one memory device. The processor is
in communication with the at least one memory device. The
CWM device is configured to receive a component image of
a first component being inspected, detect a plurality of
manmade structural features in the received component
image, adjust the component image to mask out at least
some of the plurality of manmade structural features from
the received component image, and compare the adjusted
component image with a reference model to determine one
or more potential defect areas in the first component. The
reference model is stored in the at least one memory device.
The CWM device is also configured to analyze each of the
one or more defect areas to determine a state of the potential
defect areas, and output the state of the one or more potential
defect areas to a user.

[0005] In yet another aspect, a method for detecting com-
ponent wear is provided. The method is implemented using
a component wear monitoring (“CWM”) device including a
processor and at least one memory device. The method
includes receiving a component image of a first component
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being inspected, detecting a plurality of manmade structural
features in the received component image, and adjusting the
component image to mask out at least some of the plurality
of manmade structural features from the received compo-
nent image. The reference model is stored in the at least one
memory device. The method also includes comparing the
adjusted component image with the reference model to
determine one or more potential defect areas in the first
component, analyzing each of the one or more defect areas
to determine a state of the potential defect areas, and
outputting the state of the one or more potential defect areas
to a user.

DRAWINGS

[0006] These and other features, aspects, and advantages
of the present disclosure will become better understood
when the following detailed description is read with refer-
ence to the accompanying drawings in which like characters
represent like parts throughout the drawings, wherein:
[0007] FIG. 1 is a schematic view of an exemplary high-
value asset, i.e., a turbomachine, and more specifically, a gas
turbine engine;

[0008] FIG. 2 is a schematic illustration of an exemplary
gas turbine engine, and more specifically, a jet turbine
engine;

[0009] FIG. 3 is a schematic view of an exemplary moni-
toring system to detect component wear based on computer
tomography (CT) generated from a component of a device,
such as the gas turbine engine shown in FIG. 1 and the jet
turbine engine shown in FIG. 2;

[0010] FIG. 4 is a schematic view of an exemplary con-
figuration of a client system that may be used with the
monitoring system shown in FIG. 3;

[0011] FIG. 5 is a schematic view of an exemplary con-
figuration of a component wear monitoring device that may
be used with the monitoring system shown in FIG. 3; and
[0012] FIG. 6 is a flow chart of an exemplary process of
detecting component wear using the monitoring system
shown in FIG. 3.

[0013] Unless otherwise indicated, the drawings provided
herein are meant to illustrate features of embodiments of the
disclosure. These features are believed to be applicable in a
wide variety of systems comprising one or more embodi-
ments of the disclosure. As such, the drawings are not meant
to include all conventional features known by those of
ordinary skill in the art to be required for the practice of the
embodiments disclosed herein.

DETAILED DESCRIPTION

[0014] In the following specification and the claims, ref-
erence will be made to a number of terms, which shall be
defined to have the following meanings.

[0015] The singular forms “a”, “an”, and “the” include
plural references unless the context clearly dictates other-
wise.

[0016] “Optional” or “optionally” means that the subse-
quently described event or circumstance may or may not
occur, and that the description includes instances where the
event occurs and instances where it does not.

[0017] Approximating language, as used herein through-
out the specification and claims, may be applied to modify
any quantitative representation that may permissibly vary
without resulting in a change in the basic function to which
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it is related. Accordingly, a value modified by a term or
terms, such as “about”, “approximately”, and “substan-
tially”, are not to be limited to the precise value specified. In
at least some instances, the approximating language may
correspond to the precision of an instrument for measuring
the value. Here and throughout the specification and claims,
range limitations may be combined and interchanged; such
ranges are identified and include all the sub-ranges con-
tained therein unless context or language indicates other-

wise.
[0018] As used herein, the terms “processor” and “com-
puter” and related terms, e.g., “processing device”, “com-
puting device”, and “controller” are not limited to just those
integrated circuits referred to in the art as a computer, but
broadly refers to a microcontroller, a microcomputer, a
programmable logic controller (PLC), an application spe-
cific integrated circuit, and other programmable circuits, and
these terms are used interchangeably herein. In the embodi-
ments described herein, memory may include, but is not
limited to, a computer-readable medium, such as a random
access memory (RAM), and a computer-readable non-vola-
tile medium, such as flash memory. Alternatively, a floppy
disk, a compact disc-read only memory (CD-ROM), a
magneto-optical disk (MOD), and/or a digital versatile disc
(DVD) may also be used. Also, in the embodiments
described herein, additional input channels may be, but are
not limited to, computer peripherals associated with an
operator interface such as a mouse and a keyboard. Alter-
natively, other computer peripherals may also be used that
may include, for example, but not be limited to, a scanner.
Furthermore, in the exemplary embodiment, additional out-
put channels may include, but not be limited to, an operator
interface monitor.

[0019] Further, as used herein, the terms “software” and
“firmware” are interchangeable, and include any computer
program stored in memory for execution by personal com-
puters, workstations, clients and servers.

[0020] As used herein, the term “non-transitory computer-
readable media” is intended to be representative of any
tangible computer-based device implemented in any method
or technology for short-term and long-term storage of infor-
mation, such as, computer-readable instructions, data struc-
tures, program modules and sub-modules, or other data in
any device. Therefore, the methods described herein may be
encoded as executable instructions embodied in a tangible,
non-transitory, computer readable medium, including, with-
out limitation, a storage device and a memory device. Such
instructions, when executed by a processor, cause the pro-
cessor to perform at least a portion of the methods described
herein. Moreover, as used herein, the term “non-transitory
computer-readable media” includes all tangible, computer-
readable media, including, without limitation, non-transitory
computer storage devices, including, without limitation,
volatile and nonvolatile media, and removable and non-
removable media such as a firmware, physical and virtual
storage, CD-ROMs, DVDs, and any other digital source
such as a network or the Internet, as well as yet to be
developed digital means, with the sole exception being a
transitory, propagating signal.

[0021] The monitoring method and systems described
herein provide for enhanced assessment of the wear of
components and thus facilitate a more accurate prediction of
the lifetime of components. Furthermore, the method and
systems described herein allow for an accurate detection of
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the existence, scope, and location of corrosion and other
defects in those components. Also, the system and methods
described herein are not limited to any single predefined
component, but may be implemented with any component of
a device that is subject to wear similar to those described
herein. For example, the method and systems described
herein may be used with aircraft, wind turbines, locomo-
tives, power systems, automobiles, and other devices having
components that are subject to wear. By accurately analyz-
ing the subsurface defects in components, operating life-
times and maintenance schedules are more accurately gen-
erated.

[0022] FIG. 1 is a schematic view of an exemplary high-
value asset, i.e., a turbomachine, and more specifically, a gas
turbine engine 100. Alternatively, any apparatus, system,
and facility subject to maintenance and with components
subject to wear may be monitored and subject to inspection
using a system substantially similar to the measuring system
(not shown in FIG. 1) as described herein, including, without
limitation, combustion systems such as furnaces, gasifica-
tion systems, boilers, turbines, geared devices, and high-
temperature exhaust systems.

[0023] In the exemplary embodiment, gas turbine engine
100 includes an air intake section 102, and a compressor
section 104 coupled downstream from, and in flow commu-
nication with, intake section 102. Compressor section 104 is
enclosed within a compressor casing 106. A combustor
section 108 is coupled downstream from, and in flow
communication with, compressor section 104, and a turbine
section 110 is coupled downstream from, and in flow com-
munication with, combustor section 108. Gas turbine engine
100 is enclosed within a turbine casing 112 and includes an
exhaust section 114 downstream from turbine section 110.
Moreover, in the exemplary embodiment, turbine section
110 is coupled to compressor section 104 via a rotor assem-
bly 116 that includes, without limitation, a compressor rotor,
or drive shaft 118 and a turbine rotor, or drive shaft 120.

[0024] In the exemplary embodiment, combustor section
108 includes a plurality of combustor assemblies, i.e., com-
bustors 122 that are each coupled in flow communication
with compressor section 104. Combustor section 108 also
includes at least one fuel nozzle assembly 124. Each com-
bustor 122 is in flow communication with at least one fuel
nozzle assembly 124. Moreover, in the exemplary embodi-
ment, turbine section 110 and compressor section 104 are
rotatably coupled to a load 126 via drive shaft 118. For
example, load 126 may include, without limitation, an
electrical generator or a mechanical drive application, e.g.,
a pump. Alternatively, gas turbine engine 100 may be an
aircraft engine. In the exemplary embodiment, compressor
section 104 includes at least one compressor blade assembly
128, i.e., blade 128 and at least one adjacent stationary vane
assembly 130. In the exemplary embodiment, compressor
blade assembly 128 includes a rotor blade shroud (not
shown) at each distal end. Rotor blade shroud also includes
a plurality of cooling holes that have been drilled on the
shroud. Rotor blade shroud is subject to corrosion and other
wear based defects.

[0025] Also, in the exemplary embodiment, turbine sec-
tion 110 includes at least one turbine blade assembly, i.e.,
bucket 132 and at least one adjacent stationary nozzle
assembly 134. Each compressor blade assembly 128 and
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each turbine bucket 132 are coupled to rotor assembly 116,
or, more specifically, compressor drive shaft 118 and turbine
drive shaft 120.

[0026] In operation, air intake section 102 channels air
136 towards compressor section 104. Compressor section
104 compresses inlet air 136 to higher pressures and tem-
peratures prior to discharging compressed air 138 towards
combustor section 108. Compressed air 140 is channeled to
fuel nozzle assembly 124, mixed with fuel (not shown), and
burned within each combustor 122 to generate combustion
gases 142 that are channeled downstream towards turbine
section 110. Combustion gases 142 generated within com-
bustors 122 are channeled downstream towards turbine
section 110. After impinging turbine bucket 132, thermal
energy is converted to mechanical rotational energy that is
used to drive rotor assembly 116. Turbine section 110 drives
compressor section 104 and load 126 via drive shafts 118
and 120, and exhaust gases 144 are discharged through
exhaust section 114 to ambient atmosphere.

[0027] FIG. 2 is a schematic illustration of an exemplary
gas turbine engine, and more specifically, a jet turbine
engine 150. In the exemplary embodiment, jet turbine
engine 150 includes a fan assembly 152, a booster 154, a
high pressure compressor 156, and a combustor 158. Jet
turbine engine 150 also includes a high pressure turbine 160,
and a low pressure turbine 162, all in serial flow arrange-
ment. Fan assembly 152 includes an array of fan blades 164
extending radially outward from a rotor disk 166. Engine
150 also includes an intake side 168 and an exhaust side 170.
In the exemplary embodiment, engine 150 is, but is not
limited to, a LEAP or P20 gas turbine engine available from
General Electric Company, Cincinnati, Ohio. Fan assembly
152, booster 154, and turbine 162 are coupled by a first rotor
shaft 172, and the compressor 156 and turbine 160 are
coupled by a second rotor shaft 174.

[0028] In operation, air flows through fan assembly 152
and compressed air is supplied to high pressure compressor
156 through booster 154. The highly compressed air is
delivered to combustor 158, where it is mixed with a fuel
and ignited to generate combustion gases. The combustion
gases are channeled from combustor 158 to drive turbines
160 and 162. Turbine 162 drives fan assembly 152 and
booster 154 by way of shaft 172. Turbine 160 drives
compressor 156 by way of shaft 174. In the exemplary
embodiment, fan blade 164 includes a fan blade shroud (not
shown) at each distal end. Fan blade shroud also includes a
plurality of cooling holes that have been drilled on the
shroud. Fan blade shroud is subject to corrosion and other
wear based defects. In at least one embodiment, the plurality
of components includes blade 164.

[0029] FIGS. 1 and 2 are described for illustrative pur-
poses to illustrate devices that are subject to maintenance
with components that are subject to wear. Turbine engine
100 and jet turbine engine 150 both include a plurality of
components that are subject to wear and may require refur-
bishment and replacement. In the example embodiment
turbine engine 100 and jet turbine engine 150 are assets.
Each of these assets include a plurality of components, such
as rotor blade shroud (not shown) and fan blade shroud (not
shown) which are associated with compressor blade 128 and
fan blade 164, respectively.

[0030] FIG. 3 is a schematic view of an exemplary moni-
toring system 200 to detect component wear based on
computer tomography (CT) scans of a component of a
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device, such as gas turbine engine 100 (shown in FIG. 1) and
jet turbine engine 150 (shown in FIG. 2). In the exemplary
embodiment, monitoring system 200 includes a component
wear monitoring (“CWM”) device 202 configured to receive
a component image of a first component being inspected,
align the received component image with a stored reference
model, detect a plurality of manmade structural features in
the received component image, and adjust the component
image to mask out at least some of the plurality of manmade
structural features from the received component image.
CWM device 202 also compares the adjusted component
image with the reference model to determine one or more
potential defect areas in the first component, analyzes each
of the one or more defect areas to determine a state of the
potential defect areas, and outputs the state of the one or
more potential defect areas to a user.

[0031] In some embodiments, CWM device 202 is further
configured to generate the reference model by receiving a
plurality of component images of a plurality of components.
Each of the plurality of components associated with the
plurality of component images is substantially defect-free.
CWM device 202 is further configured to generate the
reference model by aligning the plurality of component
images, combining the plurality of component images to
generate the reference model, and then storing the reference
model.

[0032] In some other embodiments, CWM device 202 is
further configured to receive a plurality of component
images for a plurality of components. Each component of
the plurality of components is associated with an asset.
CWM device 202 analyzes each component image to deter-
mine one or more defect areas associated with each of the
plurality of component images. Then CWM device 202
compares the plurality of defect areas to determine one or
more trends of component wear and outputs the one or more
trends of component wear to the user.

[0033] In still other embodiments, CWM device 202 is
further configured to store one or more historical trends of
component wear in a memory device, compare the adjusted
component image with the one or more historical trends of
component wear to determine a predicted life of the first
component, and output the predicted life of the first com-
ponent to the user.

[0034] CWM device 202 is in communication with one or
more client system 204. Client system 204 is in communi-
cation with one or more imaging systems 210. In the
example embodiment, client systems 204 are computers or
computer devices that include a web browser or a software
application, which enables client systems 204 to access
CWM device 202 using the Internet. More specifically,
client systems 204 are communicatively coupled to the
Internet through various wired and wireless interfaces
including, but not limited to, at least one of a network, such
as the Internet, a local area network (LAN), a wide area
network (WAN), or an integrated services digital network
(ISDN), a dial-up-connection, a digital subscriber line
(DSL), a cellular phone connection, and a cable modem.
Client systems 204 can be any device capable of accessing
the Internet including, but not limited to, a desktop com-
puter, a laptop computer, a personal digital assistant (PDA),
a cellular phone, a smartphone, a tablet, or other web-based
connectable equipment.

[0035] Imaging systems 210 provide images of compo-
nents to associated client system 204. Imaging systems 210
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are imaging devices capable of generating a computer
tomography (CT) scan, an ultrasound image, a 3D scan, an
X-ray image, a video, or any other type of image that allows
CWM device 202 to perform the steps as described herein.
In some embodiments, imaging systems 210 are stationary,
such as physically situated at in-shop inspection locations.
In other embodiment, imaging systems 210 are mobile to
facilitate using on-site inspection locations. In some
embodiments, imaging systems 210 also include a robotic
handler (not shown). Imaging systems 210 are in commu-
nication with CWM device 202. Imaging systems 210
connect to CWM device 202 through many wired or wire-
less interfaces including without limitation a network, such
as a local area network (LAN) or a wide area network
(WAN), dial-in-connections, cable modems, Internet con-
nection, wireless, and special high-speed Integrated Services
Digital Network (ISDN) lines.

[0036] A database server 212 is coupled to database 214,
which contains information on a variety of matters, as
described herein in greater detail. In one embodiment,
centralized database 214 is stored on CWM device 202. In
an alternative embodiment, database 214 is stored remotely
from CWM device 202 and may be non-centralized. In some
embodiments, database 214 includes a single database hav-
ing separated sections or partitions or in other embodiments,
database 214 includes multiple databases, each being sepa-
rate from each other. Database 214 stores component
images, reference models, historical trends, and analyzed
component images.

[0037] FIG. 4 is a schematic view of an exemplary con-
figuration of a client system 204 that may be used with
monitoring system 200 (shown in FIG. 3). Computer device
300 is operated by a user 302. Computer device 300 may
include, but is not limited to, client system 204 and imaging
system 210 (both shown in FIG. 3). Computer device 300
includes a processor 304 for executing instructions. In some
embodiments, executable instructions are stored in a
memory area 306. Processor 304 may include one or more
processing units (e.g., in a multi-core configuration).
Memory area 306 is any device allowing information such
as executable instructions and/or transaction data to be
stored and retrieved. Memory area 306 includes one or more
computer readable media. In some embodiments, memory
area 306 includes database 214 (shown in FIG. 3). In some
embodiments, memory area 306 is stored in computer
device 300. In alternative embodiments, memory area 306 is
stored remotely from computer device 300.

[0038] Computer device 300 also includes at least one
media output component 308 for presenting information to
user 302. Media output component 308 is any component
capable of conveying information to user 302. In some
embodiments, media output component 308 includes an
output adapter (not shown) such as a video adapter and/or an
audio adapter. An output adapter is operatively coupled to
processor 304 and operatively coupled to an output device
such as a display device (e.g., a cathode ray tube (CRT),
liquid crystal display (LCD), light emitting diode (LED)
display, or “electronic ink” display) or an audio output
device (e.g., a speaker or headphones). In some embodi-
ments, media output component 308 is configured to present
a graphical user interface (e.g., a web browser and/or a client
application) to user 302. In some embodiments, computer
device 300 includes an input device 310 for receiving input
from user 302. User 302 may use input device 310 to,
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without limitation, select a measured attribute to view. Input
device 310 may include, for example, a keyboard, a pointing
device, a mouse, a stylus, a touch sensitive panel (e.g., a
touch pad or a touch screen), a gyroscope, an accelerometer,
a position detector, a biometric input device, and/or an audio
input device. A single component such as a touch screen may
function as both an output device of media output compo-
nent 308 and input device 310.

[0039] Computer device 300 may also include a commu-
nication interface 312, communicatively coupled to a remote
device such as imaging system 210 (shown in FIG. 3).
Communication interface 312 may include, for example, a
wired or wireless network adapter and/or a wireless data
transceiver for use with a mobile telecommunications net-
work.

[0040] Stored in memory area 306 are, for example,
computer readable instructions for providing a user interface
to user 302 via media output component 308 and, optionally,
receiving and processing input from input device 310. A user
interface may include, among other possibilities, a web
browser and/or a client application. Web browsers enable
users, such as user 302, to display and interact with media
and other information typically embedded on a web page or
a website from CWM device 202. A client application allows
user 302 to interact with, for example, CWM device 202.
For example, instructions may be stored by a cloud service,
and the output of the execution of the instructions sent to the
media output component 308.

[0041] Processor 304 executes computer-executable
instructions for implementing aspects of the disclosure. In
some embodiments, processor 304 is transformed into a
special purpose microprocessor by executing computer-
executable instructions or by otherwise being programmed.
For example, processor 304 is programmed with instructions
discussed further below.

[0042] FIG. 5 is a schematic view of an exemplary con-
figuration of CWM device 202 that may be used with
monitoring system 200 (both shown in FIG. 3). More
specifically, server computer device 400 may include, but is
not limited to, CWM device 202 and database server 212
(both shown in FIG. 3). Server computer device 400 also
includes a processor 402 for executing instructions. Instruc-
tions may be stored in a memory area 404. Processor 402
may include one or more processing units (e.g., in a multi-
core configuration).

[0043] Processor 402 is operatively coupled to a commu-
nication interface 406 such that server computer device 400
is capable of communicating with a remote device, such as
another server computer device 400, imaging systems 210
(shown in FIG. 3), CWM device 202 (shown in FIG. 3), or
client systems 204 (shown in FIG. 3). For example, com-
munication interface 406 may receive requests from client
systems 204, as illustrated in FIG. 3.

[0044] Processor 402 is also operatively coupled to a
storage device 408. Storage device 408 is any computer-
operated hardware suitable for storing and/or retrieving data,
such as, but not limited to, data associated with database 214
(shown in FIG. 3). In some embodiments, storage device
408 is integrated in server computer device 400. For
example, server computer device 400 may include one or
more hard disk drives as storage device 408. In other
embodiments, storage device 408 is external to server com-
puter device 400 and is accessed by a plurality of server
computer device 400. For example, storage device 408 may
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include a storage area network (SAN), a network attached
storage (NAS) system, and/or multiple storage units such as
hard disks and/or solid state disks in a redundant array of
inexpensive disks (RAID) configuration.

[0045] Insome embodiments, processor 402 is operatively
coupled to storage device 408 via a storage interface 410.
Storage interface 410 is any component capable of providing
processor 402 with access to storage device 408. Storage
interface 410 may include, for example, an Advanced Tech-
nology Attachment (ATA) adapter, a Serial ATA (SATA)
adapter, a Small Computer System Interface (SCSI) adapter,
a RAID controller, a SAN adapter, a network adapter, and/or
any component providing processor 402 with access to
storage device 408.

[0046] Processor 402 executes computer-executable
instructions for implementing aspects of the disclosure. In
some embodiments, processor 402 is transformed into a
special purpose microprocessor by executing computer-
executable instructions or by otherwise being programmed.
For example, processor 402 is programmed with instructions
as described further below.

[0047] FIG. 6 is a flow chart of an exemplary process 500
of detecting component wear using monitoring system 200
(shown in FIG. 3). In the exemplary embodiment, process
500 is performed by CWM device 202 (shown in FIG. 3).

[0048] CWM device 202 receives 502 a component image
of a first component to be inspected. In the exemplary
embodiment, the component image is a CT scan of a turbine
shroud, as discussed above with respect to FIGS. 1 and 2.
CWM device 202 aligns 504 the component image of the
first component with a reference model. The reference
model is a stored model of the component part, i.e., the
turbine shroud. The reference model includes multiple nor-
mal variations of the component part to help distinguish
normal variations from actual defects. In the exemplary
embodiment, the reference model is generated by CWM
device 202 before being stored in database 214 (shown in
FIG. 2). To generate the reference model, CWM device 202
receives a plurality of images of the component part without
corrosion, wear, or other defects. CWM device 202 com-
bines the plurality of component images to generate the
reference model, also known as a reference template. In
another embodiment where corrosion occurs randomly,
instead of in patterns, then the component images may
include corrosion. With the corrosion being random, CWM
device 202 is able to generate the model without corrosion
based on comparing the plurality of component images. In
some embodiments, CWM device 202 compares test com-
ponent images to the reference model to train the model for
corrosion detection and quantification.

[0049] In some embodiments, CWM device 202 uses rigid
registration to align 504 the component image with the
reference model. For rigid registration, CWM device 202
rotates the component image until it lines up with the
reference model. The rotation can be along the X, y, and z
axes. In other embodiments, CWM device 202 uses affine
transformation to align 504 the component image with the
reference model. For affine transformation, CWM device
202 adjusts the position of certain points on the component
image to match up with other points on the reference model.
In these embodiments, CWM device 202 shifts the points of
the component image such that the image is stretched or
shrunk, in addition to rotation, to fit to the reference model.
In some embodiments where the component is curved, such
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as a turbine shroud, CWM device 202 represents the
observed intensity values in a curved coordinate system (this
is equivalent to flattening the curved data) after aligning 504
the component image with the reference model, hence more
complex quality metrics can be defined in this curved
coordinate system, for example percentage of surface cor-
rosion as a function of distance from the part surface.
[0050] CWM device 202 detects 506 a plurality of man-
made structural features in the received component image.
In the exemplary embodiment, the manmade structural fea-
tures are cooling holes that have been drilled into the shroud.
In other embodiments, examples of manmade structural
features could include features from additive manufacturing,
features from subtractive manufacturing, and features
related to post-processing of the component. In some
embodiments, these manmade structural features are created
through industrial automation, where the manmade struc-
tural features are generated automatically, semi-automati-
cally, or manually. CWM device 202 adjusts 508 the com-
ponent image to mask out, or otherwise remove, the plurality
of manmade structural features from the received compo-
nent image. These manmade structural features can be
misdiagnosed as corrosion. To exclude them from the cor-
rosion reduces the accuracy of the corrosion detection. In
some embodiments, the manmade structural features are
detected by using eigenvectors of the Hessian Matrix to
compute the likeliness of an image region to contain man-
made structural features, such as, but not limited to, cooling
holes, vessels, or other image ridges. The Hessian Matrix
describes the second order logical image intensity variations
around a three dimensional (3D) object in an image. Using
the eigenvalues, CWM device 202 obtains the eigenvectors
and eigenvalues from the Hessian Matrix to determine
whether the 3D object is a manmade structure feature. In
embodiments where the component image is a subset region,
CWM device 202 only masks out the manmade structural
features in the subset region.

[0051] CWM device 202 compares 510 the adjusted com-
ponent image with the reference model to determine one or
more potential defect areas in the first component. For
example, CWM device 202 detects abnormal regions in the
component image. These abnormal regions are identified as
outliers based on the distribution of normal regions in the
reference model. In some embodiments, CWM device 202
uses the parzen-window based statistical model to build a
normalcy model. The parzen-window based statistical
model is a density estimation method that uses data-inter-
polation to determine statistical distribution of observations.
CWM device 202 uses the normalcy model to determine
values for normal areas, i.e., no corrosion. The normalcy
model is a baseline that CWM device 202 uses to compare
510 with the adjusted component image to determine areas
of potential corrosion and other defects. Based on the
normalcy model, CWM device 202 uses statistical analysis
to compare the pixels of the component image to the
normalcy model to determine which pixels may be corro-
sion.

[0052] In some embodiments, the reference model is
divided into regions or segments. In these embodiments,
CWM device 202 divides the component image into regions
along the same pattern before comparing 510 the adjusted
component image and the reference model.

[0053] CWM device 202 analyzes 512 each of the one or
more defect areas to determine the state of the potential



US 2017/0178308 Al

defect area. Many different types of quantitative analysis can
be performed on defect areas to evaluate the corrosion and
other wear on the component part. In some embodiments,
this analysis includes determining corrosion depth, size, and
location. CWM device 202 outputs 514 the state of each
potential defect area to a user.

[0054] Furthermore, by comparing the detected areas from
multiple components, one or more common regions or areas
may be detected. From these common regions, one or more
potential causes of the corrosion may be inferred. Therefore
in some embodiments, CWM device 202 repeats steps 502
through 512 for a plurality of components. After analyzing
each component, CWM device 202 stores the analysis and
the adjust component image. Then CWM device 202 com-
pares the defect areas to determine one or more trends. These
trends could lead to causes of corrosion or assist engineers
in designing future components. In the situation where the
plurality of components is all from the same asset, the
comparison may highlight a problem or defect in the asset
that is causing the corrosion of the components.

[0055] In still other embodiments, CWM device 202
stores one or more historical trends of component wear.
These trends may have been determined by CWM device
202 as shown above. CWM device 202 compares the
adjusted component image with the one or more historical
trends to determine a predicted life of the first component.
Based on how components have worn down or corroded in
the past, CWM device 202 analyzes the corrosion or wear on
the component in the component image. Based on the
corrosion or wear on the component, CWM device 202 is
able to predict the remaining life in the component. In other
embodiments, CWM device 202 is also able to modify a
maintenance plan for the component. For example, the user
may modify the maintenance plan to increase or decrease the
amount of time between inspections. Other potential actions
include, but are not limited to, doing nothing, performing
other modifications to the maintenance plan, rejecting and
replacing the component, and performing inspections of
other components of the associated asset.

[0056] The above-described method and system provide
for enhanced assessment of the wear of components and thus
facilitate a more accurate prediction of the lifetime of
components. Furthermore, the method and systems
described herein allow for an accurate detection of the
existence, scope, and location of corrosion and other defects
in those components. Also, the system and methods
described herein are not limited to any single predefined
component, but may be implemented with any component of
a device that is subject to wear similar to those described
herein. For example, the method and systems described
herein may be used with wearable components of aircraft,
wind turbines, locomotives, power systems, automobiles,
and other devices where components are subject to wear. By
accurately analyzing the subsurface defects in components,
operating lifetimes and maintenance schedules are more
accurately generated.

[0057] An exemplary technical effect of the methods,
systems, and apparatus described herein includes at least one
of: (a) removing manmade structural features from compo-
nent images to provide more accurate images; (b) analyzing
the component image without the manmade structural fea-
tures to accurately identify and quantify regions of corro-
sion; (c¢) comparing the component image to defect free
components to accurately determine the extent of defects;
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(d) compare the determined defects to patterns of wear to
determine potential lifetime of the associated component;
and (e) compare the defects of a plurality of parts from the
same asset to determine potential issues with the asset.
[0058] Exemplary embodiments of method and systems
for monitoring a dynamic system are described above in
detail. The method and systems described herein are not
limited to the specific embodiments described herein, but
rather, components of systems or steps of the methods may
be utilized independently and separately from other compo-
nents or steps described herein. For example, the methods
may also be used in combination with multiple imaging
systems, and are not limited to practice with only imaging
systems as described herein. Additionally, the methods may
also be used with other components of devices, and are not
limited to practice with only the components as described
herein. Rather, the exemplary embodiments may be imple-
mented and utilized in connection with many other devices
that have components with operations lifetimes that need to
be replaced over time.
[0059] Although specific features of various embodiments
may be shown in some drawings and not in others, this is for
convenience only. In accordance with the principles of the
systems and methods described herein, any feature of a
drawing may be referenced or claimed in combination with
any feature of any other drawing.
[0060] Some embodiments involve the use of one or more
electronic or computing devices. Such devices typically
include a processor, processing device, or controller, such as
a general purpose central processing unit (CPU), a graphics
processing unit (GPU), a microcontroller, a reduced instruc-
tion set computer (RISC) processor, an application specific
integrated circuit (ASIC), a programmable logic circuit
(PLC), a field programmable gate array (FPGA), a digital
signal processing (DSP) device, and/or any other circuit or
processing device capable of executing the functions
described herein. The methods described herein may be
encoded as executable instructions embodied in a computer
readable medium, including, without limitation, a storage
device and/or a memory device. Such instructions, when
executed by a processing device, cause the processing
device to perform at least a portion of the methods described
herein. The above examples are exemplary only, and thus are
not intended to limit in any way the definition and/or
meaning of the term processor and processing device.
[0061] This written description uses examples to disclose
the embodiments, including the best mode, and also to
enable any person skilled in the art to practice the embodi-
ments, including making and using any devices or systems
and performing any incorporated methods. The patentable
scope of the disclosure is defined by the claims, and may
include other examples that occur to those skilled in the art.
Such other examples are intended to be within the scope of
the claims if they have structural elements that do not differ
from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences
from the literal language of the claims.

What is claimed is:

1. A monitoring system for determining component wear,
said monitoring system comprising:

a memory device configured to store a reference model of

a component;
one or more imaging devices configured to generate
images of one or more components of an asset; and
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a component wear monitoring (“CWM?”) device in com-
munication with said memory device and said one or
more imaging devices, said CWM device configured
to:
receive a component image of a first component being
inspected from one of said one or more imaging
devices;

detect a plurality of manmade structural features in the
received component image;

adjust the component image to mask out at least some
of the plurality of manmade structural features from
the received component image;

compare the adjusted component image with the ref-
erence model to determine one or more potential
defect areas in the first component;

analyze each of the one or more defect areas to deter-
mine a state of the potential defect areas; and

output the state of the one or more potential defect areas
to a user.

2. The monitoring system in accordance with claim 1,
wherein said CWM device is further configured to:

receive a plurality of component images of a plurality of
components, wherein each of the plurality of compo-
nents associated with the plurality of component
images is substantially defect-free;

align the plurality of component images;

combine the plurality of component images to generate
the reference model; and

store the reference model in said memory device.

3. The monitoring system in accordance with claim 1,
wherein the first component is associated with an asset, and
wherein said CWM device is further configured to:

receive a plurality of component images for a plurality of
components from said one or more imaging devices,
wherein each component of the plurality of components
is associated with the asset;

analyze each component image to determine one or more
defect areas associated with each of the plurality of
component images;

compare the plurality of defect areas to determine one or
more trends of component wear; and

output the one or more trends of component wear to the
user.

4. The monitoring system in accordance with claim 1,

wherein said CWM device is further configured to:

store, in said memory device, one or more historical
trends of component wear;

compare the adjusted component image with the one or
more historical trends of component wear to determine
a predicted life of the first component; and

output the predicted life of the first component to the user.

5. The monitoring system in accordance with claim 1,
wherein said CWM device is further configured to align the
received component image with the reference model using at
least one of rigid registration and affine transformation.

6. The monitoring system in accordance with claim 1,
wherein said CWM device is further configured to:

flatten the reference model; and

flatten the adjusted component image prior to comparing
with the reference model.

7. The monitoring system in accordance with claim 1,
wherein the reference model includes a first reference seg-
ment and a second reference segment, and wherein said
CWM device is further configured to:

Jun. 22,2017

segment the component image into a first segment and a

second segment;

compare the first segment of the component image with

the first reference segment to determine one or more
potential defect areas in the first segment; and
compare the second segment of the component image
with the second reference segment to determine one or
more potential defect areas in the second segment.

8. The monitoring system in accordance with claim 1,
wherein said CWM device is further configured to analyze
each of the one or more defect areas by statistically com-
paring pixels from the component image with pixels from
the reference model for variations.

9. The monitoring system in accordance with claim 1,
wherein the defect areas include areas of corrosion, and
wherein the said CWM device is further configured to
determine the depth, size, and location of each defect area.

10. The monitoring system in accordance with claim 1,
wherein the manmade structure features are cooling holes.

11. The monitoring system in accordance with claim 1,
wherein the component image is a Computed Tomography
(CT) scan.

12. The monitoring system in accordance with claim 1,
wherein the first component is a turbine shroud.

13. A component wear monitoring (“CWM?”) device com-
prising a processor and at least one memory device, wherein
said processor is in communication with said at least one
memory device, said CWM device configured to:

receive a component image of a first component being

inspected;

align the received component image with a reference

model of a component, wherein the reference model is
stored in said at least one memory device;

detect a plurality of manmade structural features in the

received component image;

adjust the component image to mask out at least some of

the plurality of manmade structural features from the
received component image;

compare the adjusted component image with a reference

model to determine one or more potential defect areas
in the first component, wherein the reference model is
stored in said at least one memory device;

analyze each of the one or more defect areas to determine

a state of the potential defect areas; and

output the state of the one or more potential defect areas

to a user.

14. The CWM device in accordance with claim 13, further
configured to:

receive a plurality of component images of a plurality of

components, wherein each of the plurality of compo-
nents associated with the plurality of component
images is substantially defect-free;

align the plurality of component images;

combine the plurality of component images to generate

the reference model; and

store the reference model in said at least one memory

device.

15. The CWM device in accordance with claim 13,
wherein the first component is associated with an asset, and
wherein said CWM device is further configured to:

receive a plurality of component images for a plurality of

components, wherein each component of the plurality
of components is associated with the asset;
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analyze each component image to determine one or more
defect areas associated with each of the plurality of
component images;

compare the plurality of defect areas to determine one or

more trends of component wear; and

output the one or more trends of component wear to the

user.

16. The CWM device in accordance with claim 13, further
configured to:

store, in said at least one memory device, one or more

historical trends of component wear;

compare the adjusted component image with the one or

more historical trends of component wear to determine
a predicted life of the first component; and

output the predicted life of the first component to the user.

17. The CWM device in accordance with claim 13, further
configured to analyze each of the one or more defect areas
by statistically comparing pixels from the component image
with pixels from the reference model for variations.

18. The CWM device in accordance with claim 13,
wherein the defect areas include areas of corrosion, and
wherein said CWM device is further configured to determine
the depth, size, and location of each defect area.

19. The method for detecting component wear, said
method implemented using a component wear monitoring
(“CWM”) device including a processor and at least one
memory device coupled to said processor, said method
comprising:

receiving a component image of a first component being

inspected;

detecting a plurality of manmade structural features in the

received component image;

adjusting the component image to mask out at least some

of' the plurality of manmade structural features from the
received component image;

comparing the adjusted component image with a refer-

ence model to determine one or more potential defect
areas in the first component, wherein the reference
model is stored in said at least one memory device;
analyzing each of the one or more defect areas to deter-
mine a state of the potential defect areas; and
outputting the state of the one or more potential defect
areas 1o a user.
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20. The method in accordance with claim 19, further
comprising:

receiving a plurality of component images of a plurality of

components, wherein each of the plurality of compo-
nents associated with the plurality of component
images is substantially defect-free;

aligning the plurality of component images;

combining the plurality of component images to generate

the reference model; and

storing the reference model in said at least one memory

device.
21. The method in accordance with claim 19, wherein the
first component is associated with an asset, and wherein said
method further comprises:
receiving a plurality of component images for a plurality
of components, wherein each component of the plural-
ity of components is associated with the asset;

analyzing each component image to determine one or
more defect areas associated with each of the plurality
of component images;

comparing the plurality of defect areas to determine one

or more trends of component wear; and

outputting the one or more trends of component wear to

the user.

22. The method in accordance with claim 19, further
comprising:

storing, in the at least one memory device, one or more

historical trends of component wear;
comparing the adjusted component image with the one or
more historical trends of component wear to determine
a predicted life of the first component; and

outputting the predicted life of the first component to the
user.

23. The method in accordance with claim 19, further
comprising analyzing each of the one or more defect areas
by statistically comparing pixels from the component image
with pixels from the reference model for variations.

24. The method in accordance with claim 19, wherein the
defect areas include areas of corrosion, and wherein the said
method further comprises determining the depth, size, and
location of each defect area.
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